Purpose 21 Cerebral edema is usually assessed with mean ADC value obtained with MRI. We aimed to 22 use parametric response mapping (PRM), a voxel-based analysis, in a rat model of traumatic 23 brain injury (TBI) to characterize the cerebral edema and to compare findings to those 24 obtained with the classical global mean ADC analysis. Ultimately we wished to test whether 25 early PRM analysis could identify the vasogenic or cellular edematous pattern two hours after 26 trauma.
Traumatic brain injury (TBI) is a major public health care issue, accounting for 62 235,000 hospitalizations per year in the USA (1) . Development of brain edema following TBI 63 is one of the determinants for secondary brain injuries that add to the burden of initial lesions 64 by increasing intra-cranial pressure (ICP) and compromising cerebral hemodynamics. Two 65 types of cerebral edema have been described since 1967: the vasogenic edema, relating to 66 blood-brain-barrier leakage, and the cellular edema, induced by the accumulation of water and 67 electrolytes inside the cell (2). this approach does not account for the possible heterogeneity of cerebral edema within the 76 brain tissue (8)).
77
In experimental models of TBI, different patterns of ADC over time have been 78 observed during the development of post-traumatic brain edema, and the results have not been 79 univocal. Focal TBI models with cortical cryogenic lesion induced vasogenic edema whereas 80 controlled cortical impact models obtained prominent cellular edema within the core lesion 81 and vasogenic edema in the surrounding area (9,10)). Following diffuse TBI induced by a 82 weight-drop model, one study reported a bi-modal evolution of ADC values with an initial 83 increasing of ADC followed by its decrease (3). Other authors, however, found a global as parametric response mapping (PRM), could provide a more accurate means to assess the 104 heterogeneity of cerebral edema, than using averaged ADC values after brain insult. Our 105 intent was to implement the PRM approach in a well known rodent model of diffuse TBI (13, 106 14) to assess its ability to differentiate the two components of the post-traumatic cerebral 107 edema. The primary aim of this study was to characterize cerebral edema and its evolution in 6 108 a rat model of traumatic brain injury using both the PRM approach and the averaged ADC acquisitions. As rats in the TBI group had MRI measurements before and after TBI, images 148 acquired before the trauma were co-registered to T2-weighted images acquired after the 149 trauma using an automated, normalized cross correlation algorithm (co-register function in 150 SPM12 free software, distributed under the terms of the GNU General Public License as 151 published by the Free Software Foundation).
152
The PRM analysis was conducted as previously described by Galbàn et al. Fig. 1a ). This difference was not found when the 189 brain-ROI was considered: 748±27 µm²/sec (TBI group) vs. 801±18 µm²/sec (Sham group)
190
(p=0.32) ( Fig. 1b) . Except for the cortical-ROI at H2, mean ADC values were comparable 191 between the TBI and the Sham group for all ROI and at all time-points. between TBI PRM-H1 and Sham PRM-H1 were: red voxels: 16.1±3% vs. 2.7±1% (p=0.005); blue 206 voxels: 11.1±4.7% vs 3±1.8% (p=0.04) (Fig. 3) . The total number of voxels found beyond the 207 PRM threshold (i.e. red + blue voxels) were 27.5±4% vs 5.1±1%, respectively (p<0.001).
208
Differences were also revealed at H2 between TBI PRM-H2 and Sham PRM-H2 : red voxels: 12 209 9.8%±2.4 vs. 3.5%±2, (p=0.016); blue voxels: 18.4±7.3% vs 1.7±1.6% (p=0.03) (Fig. 3) . The 210 total number of voxels beyond the PRM threshold were 29.7±1% vs 5.1±1%, respectively 211 (p<0.001). We then performed PRM analysis on these two subgroups to describe the proportion 248 of each type of edema within each subgroup. The vasogenic edema subgroup presented less 249 than 5% of blue voxels and a proportion of red voxels above 15% throughout the experiment.
250
Conversely, the cellular edema subgroup presented a sustained proportion of more than 25% 251 of blue voxels with less than 8% of red voxels (Fig. 5) . The evolution in percentages of blue 252 and red voxels also significantly differed between the two subgroups (p<0.01 and p<0.01; Fig Altogether, after TBI, rats exhibit a mixed pattern of red and blue voxels, with a clear 258 predominance of one or the other. Averaging ADC values in the whole brain failed to detect the occurrence of brain 267 edema in our rat model of diffuse TBI. A voxel-wise basis approach (PRM) could however 268 detect the nature of post-traumatic brain edema, i.e., vasogenic, cellular or a mixed pattern, 269 and is able to provide temporal and spatial information concerning evolution of this edema. mean ADC in the TBI group at H2 compared to Sham-operated rats (7). However, when using 280 this classical mean-value approach on a larger ROI, we found no difference between the TBI 281 and the Sham groups, suggesting an absence of cerebral edema in the TBI groups. These 282 results suggest that the mean-value approach can be used to measure change in ADC only in 283 very specific areas. In addition, ADC values in the cortex at H2 exhibited high standard 284 deviations, suggesting an inter-subject heterogeneity in the development of edema, as 285 previously found (3, 7). Conversely, the PRM analysis was able to describe the development 286 of cerebral edema in a large ROI after diffuse TBI. It also showed that these ROIs contained 287 areas of heterogeneously evolving ADC, suggesting that mean ADC approach, which 288 averages out positive and negative ADC changes, may have led to misleading conclusions.
289
Moreover, the mean-value approach is limited to one quantitative estimate (the mean ADC in 290 this case) whereas PRM also allows the measurement of the proportion of voxels which vary 291 above a predefined ADC threshold. 292 We were surprised to find almost no difference between the TBI and the Sham- restricted to specific brain areas usually chosen for ROI, such as the cortex or striatum, but 302 could be spread throughout the whole brain (Fig.2) . The spatial and temporal evolution of 303 edema could thus be estimate by PRM within every animal. The focus on specific ROI could 304 therefore lead to misinterpretations, eluding the complexity of post-traumatic cerebral edema.
305
One important finding of our study is the presence of red voxels in almost every rat.
306
This elevation of ADC could be transient (Fig.2.c unsolved at the moment, but some strategies are tested to progress in this way and particularly 340 the use of reference atlas of the human brain, or the use of the symmetry with the non-injured 341 part of the patients brain. Another interesting application for PRM is as an imaging biomarker 342 to test the efficiency of therapies, as previously shown in oncology (21, 22) . Prognostication 343 of functional outcome in patients suffering from non-traumatic intracerebral hemorrhage 344 could also be relevant for physicians (23).
345
In conclusion, our findings show that monitoring post-traumatic cerebral edema by 346 mean ADC values in specific ROIs could be misleading. PRM in a voxel-based approach 347 appears more accurate than the classical averaging approach to detect both vasogenic and 
